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Abstract

This paper proposes a smart lithium-ion battery capacity estimation method for electric bicycles. Battery
capacity information informs the electric vehicle driver of the residual battery working time, thus
facilitating the estimation of mileage of electric bicycle and timing of battery charging to avoid over-
charging or over-discharging. Factors such as different discharge rates, environmental temperature, battery
charge and discharge efficiency and battery aging affect the released capacity of battery, which is an
electrochemical reaction of battery. In addition to integrating the advantages of the coulometric
measurement and open circuit voltage measurement methods, and the proposed smart lithium-ion battery
capacity estimator also incorporates discharge current, temperature, battery aging, as well as charging
efficiency factors into capacity correction to develop a highly accurate PIC single-chip lithium-ion battery

capacity estimation system.
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1 Introduction

Despite their convenience in modern life,
automotive vehicles operate on fuel oil, emitting
carbon dioxide that poses a threat to human health,
exacerbates the greenhouse effect and contributes
to global warming. Environmental protection has
received increasing emphasis in recent years,
explaining the concentrated efforts to develop
electric vehicles without exhaust emissions and
increased energy efficiency than conventional
automotive vehicles.

Battery capacity information informs electric
vehicle drivers of the current state of charge (SOC)
to remain aware of the battery’s remaining
operational time and to estimate the mileage in
order to determine when to charge the battery.
Multiplying the battery residual capacity (Wh)

with the energy consumption factor of an electric
vehicle (km/Wh) allows drivers to accurately
predict the mileage of electric vehicles based on
the current battery capacity [1-3].

Estimating the battery capacity further allows
electric vehicle drivers to avoid battery over-
charging and over-discharging in order to extend
the battery service life. Estimation method of

battery residual capacity includes direct a
discharge test [4], open circuit voltage
measurement [5-6], internal resistance

measurement [7], coulometric measurement [8-9],
loaded voltage measurement [10], electrolyte
concentration measurement [10], coup de fouet
effect [11], peulert equation estimation [12],
artificial neural network [13], and fuzzy control
[14].
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Common secondary battery categories include
lead-acid battery, lithium-ion battery, Ni-MH
battery and Ni-Cd battery. In these secondary
battery categories, lithium-ion battery possesses
high energy density and other advantages,
including  light  weight, thin thickness,
miniaturized size, long service life, high-current
discharge, small memory effect, high output
potential as well as various sizes. Therefore,
demand for lithium batteries is increasing annually,
as found in portable products such as digital
cameras, mobile phones and notebook computers.
Lithium-ion battery is thus adopted in the
development of electric bicycles owing to light
weight considerations.

Lithium-ion batteries in electric  bicycles
significantly differ from those in other products
such as mobile phones, notebook computers and
uninterruptible power supply systems. As a
bicycle battery operates continuously in a short
period, battery capacity is normally designed to
allow drivers to operate for around 1-2 hours. As
the battery power is exhausted, the driver must
charge the battery.

Based on electric bicycle usage features, an
electric bicycle is driven around one or two hours
daily; the battery is thus largely in an off mode.
Therefore, the open circuit voltage method is quite
feasible for estimating the initial capacity of
batteries. Despite its high accuracy, the open
circuit voltage method can only estimate the initial
capacity accurately but can not provide an
accurate battery capacity during its discharging
process. Therefore, once charging or discharging
is operated, the battery requires a rest period
before the capacity of battery can respond to the
output voltage of battery.

Coulometric  measurement is  currently
considered as a highly accurate method. Although
coulometric measure-ment allows us to estimate
the battery capacity accurately, it unfortunately
generates a large accumulative error if used for a
long period of time. Therefore, this paper adopts
both the open circuit voltage method and
coulometric measurement method coordinately.
Additionally, precisely estimating the lithium-ion
battery capacity involves consideration of the
current effect, battery temperature, battery aging
and charging efficiency.

2 Power Supply System for E-Bike

2.1 Lithium-ion Battery
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This paper adopts Molicel IMR18650A and
IBR26700A lithium-ion batteries as examples. A
single IMR18650A cell is 3.8V/2.9AH, with
weight energy density of 110Wh/kg, volume
energy density of 285Wh/I, battery voltage range
of 2.5V~4.2V and maximum output current of
40A. Here, 20 cells in series-parallel connection
and another 10 cells in series connection are
combined into a lithium-ion battery pack of
36V/5.8AH with a total weight of approximately
2Kg [15].

Figure 1 shows the battery equivalent circuit [16].
The battery internal resistance and capacitance
vary according to different values of charge and
discharge current, temperature, aging and residual
battery power changes. In Figure 1, R; is the
equivalent resistance for electrode resistance and
electrolyte resistance; R, is interface resistance for
electrode and electrolyte; C is interface
polarization capacitance of electrode and
electrolyte; E is battery internal potential; and V,
is the battery terminal voltage.
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Figure 1: battery equivalent circuit
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According to the equivalent circuit of battery, the
battery terminal voltage V, can be obtained as
Equation (1), where I, is the discharge current and
Vco 1s the initial voltage of capacitor C.

V = E _(Rl + R2 )Io + RZIOe(it/CZRZ) _VC()e(il/CZRZ) (1)

4

2.2 Chargers and Renewable Energy
Design

Figure 2 illustrates the configuration of an electric
bicycle power supply, which includes a main
charger and an auxiliary charger. The main charger
is designed in a buck converter, capable of
converting AC 110V utility power to DC 42V with
charging current of 1~3C. The charging time lasts
approximately 0.5 hours to fully charge lithium-
ion IBR26700A battery using charging current of
3C and lasting approximately 1.5 hours to fully
charge lithium-ion IMR18650A or IBR26700A
battery using charging current of 1C.
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Figure 2: configuration of the electric bicycle power
supply

The mileage of the electric bicycle is extended by
adding an auxiliary power supply, including solar
power system, regenerative brake power system
and wireless charging system, as described in the
following subsection.

2.2.1 Solar Power System

As solar energy is an inexhaustible natural
resource, the electric bicycle is applied with solar
cells to empower an electric vehicle in order to
overcome the limitations of short-distance riding
and a long charging time. As sunlight intensity and
ambient temperature affect the output voltage and
current characteristic curve of solar cells,
environmental variations change the maximum
output power of solar cells. Thus, operating points
of solar cells must be changed according to
working environments in order to change the
output voltage and current of solar cells so that the
maximum output power can be achieved. Such a
control method is referred to the maximum power
point tracking (MPPT). The electric bicycle in this
paper is applied with the design of photovoltaic
array that have functions of a sun shade for the
bicycle and power generation with MPPT.

2.2.2 Regenerative Brake Power System

The power demand of an electric bicycle can be
divided into three modes: (I) Accelerating
operation and uphill road section, i.e. large power
is required; (II) Constant speed operation mode,
i.e. lower power is required; and (III) Decelerating
operation and downhill road section, i.e. it can
deliver regenerated braking power. Despite
consuming power in the first and second modes,
the electric vehicle can recharge the battery in the
third mode.

When the electric bicycle is decelerating in
operation or going downhill, regenerative brake
power is stored in the battery. When the electric
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bicycle has an emergency brake, regenerative
brake power is stored in an ultra-capacitor. The
ultra-capacitor can charge quickly so that the ultra-
capacitor absorbs a large amount of power from an
emergency brake to increase the mileage
durability of an electric bicycle and avoid large
current from impacting battery. Notably, large
charge current to the battery often damages
internal materials of battery, resulting in a short
battery life.

2.2.3 Wireless Charging System

As non-contact electricity transmission method,
wireless charging delivers electrical power to
battery. Wireless charging systems comprise
vehicles  wireless  charging module and
underground wireless charging stations.
Underground wireless charging stations are
installed at urban traffic lights for vehicle stopping.
These stations consist mainly of power diode
rectifier, resonant converter and a primary coil of
high-frequency transformer. The power diode
rectifier converts utility power to high-voltage
direct current. The resonant converter uses LC
resonant approach to convert high-voltage direct
current into high-frequency and high-voltage
alternating  currents.  This  high-frequency
alternating current through the primary coil of
high-frequency transformer forms magnetic field.
Then, if the secondary coil of high-frequency
transformer is close, the current can generate
magnetic coupling to induce voltage.

The vehicle wireless charging module consists of a
secondary coil of high-frequency transformer,
impedance matching circuit, power diode rectifier
and filter. Secondary coil of the high-frequency
transformer induces high-frequency voltage by
flux linkage to receive electric power from the
charging station. Effectively transferring energy to
the load requires impedance matching circuit to
achieve maximum power transfer. The power
diode rectifier and filter convert high-frequency
alternating current to direct current as the electric
power source of the charger.

3 A Smart Battery Capacity
Estimation System

The block diagram of smart battery capacity
estimation system is shown in Figure 3. The PIC
single chip is the core of the system. Voltage,
current and temperature of the battery are
measured, aging degree of the battery and
charging efficiency are calculated, which are for
modifying  errors of  both  coulometric
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measurement method and open circuit voltage
method, thus lithium-ion battery capacity of the
electric bicycle could be accurately estimated.
Figure 4 illustrates the model of the smart battery
capacity estimation system. Figure 5 displays the
flow chart of the smart battery capacity estimation
system, including calculus processes for the open
circuit voltage method, coulometric measurement
method, current effect, battery aging, temperature
and charging efficiency.

Utility Power
(AC 110V)
Lithium-Ion Load
Solar Power Charger Battery R ive
36V/5.8AH Brake Power)
Wireless Voltage | Current} Temperature

Charging

PIC Single-Chip
(The Core of the
System)

I

LCD

Figure 3: block diagram of the smart battery capacity
estimation system

Figure 4: model of the smart battery capacity estimation

system
N
Start
Y
Measuring Additive Effect of .
’ Open Circuit Voltage Current Charging Efficiency
| Y
v Measuring ase of Caps Calculate
[ s prome ] [

l
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[} [

Figure 5: flow chart of the smart battery capacity
estimation system

Update of
System Data

3.1 Open Circuit Voltage Method
While the battery is discharging, its terminal
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voltage drops following the release of electric
power. The SOC of the battery can be determined
by measuring the battery open circuit voltage.
Despite its high accuracy, the open circuit voltage
measurement method can only estimate the initial
capacity accurately but can not provide an
accurate battery capacity during its discharging
process. Therefore, once charging or discharging
is completed, the battery requires a rest period. For
a lithium-ion battery, the rest period lasts more
than 1.5 hours as the electrolyte concentration
required time to stabilize before the internal
capacity of a battery can respond to the output
voltage of a battery.

Figure 6 shows the experimental dynamic
response diagram of the open voltage of lithium-
ion battery. The 36V/5.8AH lithium-ion battery
was tested with a discharge current of 6.37A.
When the battery output voltage was 32.5V, the
discharge action stopped to maintain the battery in
an open state; in addition, the voltage change at
the lithium-ion battery terminal was observed. The
solid line denotes the battery output voltage, while
the dashed line represents the discharge current.
Approximately 1.5 hours later, the battery output
voltage could then maintain a constant value with
no changes.

— o W B o, oo o %

Figure 6: discharging voltage curve

The battery was fully charged initially and
maintained in an open state for 1.5 hours. Once
the battery terminal voltage was determined, a
discharge experiment was performed with a
constant current of 1C (5.8A). When the battery
capacity reached SOC=90%, the released output
capacity was 10% and the discharging time was 6
minutes. The discharge action was stopped to
allow the battery to rest for 1.5 hours, and the
battery terminal voltage was recorded once again.
A discharge action was further conducted in 1C,
and the discharge action was temporary stopped
for each output of 10% capacity. After the battery
rested for 1.5 hours, the battery terminal voltage
was recorded. The above steps were repeated until
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the battery was discharged to the cutoff voltage.
Finally, a look-up table of voltage and power was
established based on the relationship information
of open voltage and capacity.

Next, the output voltage of lithium-ion battery is
measured using the built-in A/D converter of
single-chip PIC 16F877A. The battery capacity is
then calculated using the look-up table and
interpolation method.

The voltage range of the lithium-ion battery is set
as 25V~42V. As the output voltage of lithium-ion
battery covers a wide range, the A/D circuit can be
easily implemented. Figure 7 illustrates the
measurement circuit of the output voltage of a
lithium-ion battery. The output voltage of a
lithium-ion battery is initially reduced to 1/10 time
in order to allow the output range of voltage
measurement circuit to be 2.5~4.2V; 2.5V is
deducted through the operational amplifier; and
the voltage is amplified for the input voltage range
of 0~5V of the A/D converter. The design of this
voltage measurement circuit can increase the
resolution of the battery voltage signal to be
converted into a digital signal. Deducting the
lowest operating voltage of 25V for the battery,
which increase the A/D resolution through the 10-
bit A/D converter of a single chip. When the
analog signal of battery voltage is converted into a
digital signal, its resolution can achieve (42V-
25V)/1024=16.6mV, i.e. an increase of 1.47 times
as compared to the  resolution  of
42V/1024=41.0mV with no the subtractor circuit.

470pF
—H—‘
10k
l_ 25V —an L X% -
| 18k s AD

4 10k %
N W0k 75V
i 1™

i

Figure 7: measurement circuit of the output voltage

3.2 Coulometric Measuring Method

Coulometric measurement is also referred to as the
ampere-hour method, and is currently considered
as a highly accurate method. According to the
energy conservation theorem, the battery input
energy equals the battery output energy. Battery
released capacity is the multiplication of output
current and discharge time.

Q1) =0t + [ 1,(t)dr ()
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Where Q(t) denotes the residual battery capacity,
Q(ty) denotes the initial battery capacity and Io
denotes the amplitude of the battery charge and
discharge currents.

Importantly, although the coulometric
measurement method allows us to estimate the
battery capacity accurately, it unfortunately
generates a large accumulative error if used for a
long period of time. Therefore, this paper adopts
both the open circuit voltage measurement method
and coulometric measurement method
coordinately. Importantly, the both methods, as
well as discharge current, battery temperature,
battery aging and charging efficiency are
incorporated into the corrections of battery
capacity estimation to develop a highly accurate
lithium-ion battery capacity estimation method.

3.3 Additive Effect of Current

As the available battery capacity is subject to the
load current size, the releasable capacity varies
under different discharge currents. For instance,
while a larger discharge current implies a smaller
battery released capacity, a smaller discharge
current implies a larger battery released capacity.
A discharge characterization analysis experiment
was conducted on lithium-ion battery using
Chroma 6312 electronic load to perform a
constant current discharge test. Figure 8 shows the
experimentally measured curve of discharge
currents.

0:00  0:28  0:57 1:26 155 224 252 3:21 350 419 448
Time

(a)0.2C

- soC

30
0:00  0:14 028 043 057 1:12

26 1:40 155 209 224

(b)04C

Figure 8: profiles of different discharge rates of
(a)1.2C (b) IC
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Figure 8: profiles of different discharge rates of (c)
0.8C (d) 0.6C (e) 0.4C (f) 0.2C

Ieﬂect: Qr /ttotal (3)
Equation (3) shows the additive effect of current,
where Q, denotes the battery rated capacity, i.e.
the released capacity when the saturated battery
was discharged with output current of 0.1C until
cutoff voltage. The safety cutoff voltage of a
single lithium-ion cell is 2.5V or 3V. Where I 4.
denotes the additive effect of the current and ¢,
denotes the total discharge time.

Figure 8 shows the profiles of various discharge
rates. Incorporating the experiment results and the
data sheet of the battery provided by the battery
manufacture into equation (3) allowed us to obtain
the additive effect of the current and the current
correction factor (Table 1), including the discharge

Capacity (%)
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rate, actual current, released capacity, and rated

capacity.

Table 1: additive effect of current (25°C)

Discharge Rate Released Rated Additive Current
/Actual Current Capacity Capacity Effect of Correction
(AH) (AH) Current (A) Factor
0.2C/1.16A 5.786 5.8 1.163 1.002
04C/2.32A 5.780 5.8 2.328 1.004
0.6C/3.48A 5.734 5.8 3.520 1.012
0.8C/4.64A 5.718 5.8 4.706 1014
1.0C/5.80A 5.703 5.8 5.899 1.017
1.2C/6.96A 5.664 5.8 7.127 1.024
3.45C/120A 5.600 5.8 20.714 1.036
t
50C (1) = [@ x 100%J 4)
0,
I ' . e 10
SOC(t) = SOC(t,) J_rJ.fI (D)x f,(T)x f5(Cycle)x f, (efficiency) x”?dt x100%
Iy T
3)

Equation (4) shows the definition of battery
residual capacity SOC(t). The SOC is modified by
the additive effect of the current, battery
temperature, and battery aging effect, as shown in
equation (5). Where SOC(t) refers to the present
residual power; SOC(ty), the initial capacity; Q, ,
the rated capacity; Q(?), the residual capacity; I,(¢),
the discharge current; f;(I), the current correction
factor; f5(T), the temperature correction factor;
fi(cycle), the battery aging correction factor; and
fu(efficiency), the charging efficiency factor.

3.4 Battery Aging Effect

The number of battery cycles, discharge depth,
discharge current size and temperature affect the
battery capacity. Figure 9 shows the relationship
between the number of cycles and battery capacity
of a lithium-ion battery. When the battery had
gone through 200 cycles, the battery capacity
remained 80~85% of the rate capacity.

120
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60
20
Chnsge Coaftamt Cument-Comstant| Voltage. 144 4.2V, i Shc
Dischasge: Clomstant Current. 4 2A 17 24 Cut off at 2.5V, Rest 0.5hr
o Temperature 23°C
20
0
Q 50 100 150 200

Cvcle Number (times)

Figure 9: relationship between cycle number and
capacity
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3.5 Temperature

A rising ambient temperature completes the
electrochemical reaction of a battery. Therefore, a
smaller battery internal resistance leads to a higher
released capacity. In contrast, the battery capacity
diminishes. Figure 10 shows the relationship
between the capacity and temperature of a lithium-
ion cell. With a temperature difference of 100C

and 450C, its capacity has a variance of up to 10%.
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Capacity (mAH)

Figure 10: relationship between capacity and
temperature

4 Experimental Results

The SOC estimation error is defined in equation
(6). Where SOCgimaed refers to the estimation
value of battery capacity and SOCcisured 1S
measured by the equipment. The measured value
of SOC was obtained through a direct discharge
test method, i.e. by recording the actual capacity
released by the battery during the discharge
process. The value could provide a standard test
value of the residual capacity to serve as a
reference for accuracy of this estimation system.
The discharge test utilized a constant current and
dynamic load current to verify the accuracy of this
smart battery capacity estimation system.

E,, (%)= SOCQ.S,,-,,% ;

rated

SOCmeamred x100% (6)

4.1 Constant Discharge Current Test

Following a full charge, the lithium-ion battery
rested for more than 1.5 hours and discharged with
a current of 6.37A (1.1C) until the output voltage
dropped to the cutoff voltage. Figure 11 shows the
battery output voltage and current curve diagram.
Table 2 compares the battery power estimation
value  (SOCggtimaca) and  measured  value
(SOC jeasured) Of 6.37A constant load current. The
average error is 1.05%, while the maximum error
i 2.1%.
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Figure 11: profiles of the battery output voltage and
current in a constant load

Table 2: the comparison of SOCgimaed a0d SOC peasured
of 6.37A constant load current

SOCestimated SOCmeasured Error(IOO%)
1 90.6 90.7 -0.1
2 81.2 81.5 -0.3
3 69.9 70.5 -0.6
4 62.4 63.2 -0.8
5 530 53.8 -0.8
6 43.7 4477 -1.0
7 324 339 -1.5
8 249 264 -1.5
9 15.6 174 -1.8
10 10.0 12.2 2.1

4.2 Dynamic Discharge Current Test

The lithium-ion battery was fully charged, to keep
open more than 1.5 hours, and then to 1.2C (6.96A)
discharge of 60 seconds and 0.5C (2.9A) discharge
of 30 seconds for the cycle until the output voltage
drops to the cutoff voltage. The battery output
voltage and the actual measured current curve
diagram is shown in Figure 12. Shown in Table 3
is the comparison of battery capacity estimation
value (SOCetimaed) Versus actual measured value
(SOC peasured) of dynamic load. The average error
is 1.2%, and the maximum error is 2.2%.

0:00 0:07 0:14 0:21 0:28 0:36 0:43 0:50 0:57
Time

Figure 12: the profiles of the battery output voltage and
current in dynamic load
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Table 3: the comparison of SOC gimatea aNd SOC casured
of dynamic load current

Socestimated SOCmeasured Error(IOO%)

1 91.6 91.6 0

2 83.1 83.5 04
3 753 75.8 -0.5
4 66.8 67.6 -0.8
5 50.6 51.8 -1.2
6 42.1 43.7 -1.6
7 33.8 35.6 -1.8
8 26.0 278 -1.8
9 17.6 19.7 2.1
10 9.7 11.9 2.2

5 Conclusions

Based on electric bicycle usage features, an
electric bicycle is driven around one or two hours
daily; the battery is thus largely in an off mode.
Therefore, the open circuit voltage method is quite
feasible for estimating the initial capacity of
batteries. Additionally, although capable of
estimating the battery power accurately, the
coulometric measurement method generates a
large accumulative error after extended use. In
addition to integrating the advantages of the
coulometric measurement method and open circuit
voltage measurement method, the proposed smart
lithium-ion battery capacity estimator incorporates
the discharge current, battery temperature, battery
aging, charging efficiency into capacity correction
in order to develop a highly accurate single-chip
lithium-ion battery capacity estimation system.
According to discharge test results using constant
current and dynamic load current, the error is
estimated to fall within 3%, demonstrating the
high accuracy of the proposed smart battery
capacity estimator for electric bicycles.
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